Leukotriene A4 hydrolase (LTA4H), a bifunctional zinc metallo-enzyme, is reportedly overexpressed in several human cancers. Our group has focused on LTA4H as a potential target for cancer prevention and/or therapy. In the present study, we report that LTA4H is a key regulator of cell cycle at the G0/G1 phase acting by negatively regulating p27 expression in skin cancer. We found that LTA4H is overexpressed in human skin cancer tissue. Knocking out LTA4H significantly reduced skin cancer development in the 7,12-dimethylbenz(a)anthracene (DMBA)-initiated/12-O-tetradecanoylphorbol-13-acetate (TPA)-promoted two-stage skin cancer mouse model. LTA4H depletion dramatically decreased anchorage-dependent and -independent skin cancer cell growth by inducing cell cycle arrest at the G0/G1 phase. Moreover, our findings showed that depletion of LTA4H enhanced p27 protein stability, which was associated with decreased phosphorylation of CDK2 at Thr160 and inhibition of the CDK2/cyclin E complex, resulting in down-regulated p27 ubiquitination. These findings indicate that LTA4H is critical for skin carcinogenesis and is an important mediator of cell cycle and the data begin to clarify the mechanisms of LTA4H's role in cancer development.
Introduction
Leukotriene A4 hydrolase (LTA4H; EC 3.3.2.6) is known as a bifunctional zinc metallo-enzyme exhibiting anion-dependent aminopeptidase activity in addition to its epoxide hydrolase activity (1, 2) . As an epoxide hydrolase, it converts the unstable allelic epoxide leukotriene A4 (LTA4) to leukotriene B4 (LTB4), which is a potent inducer of neutrophil, macrophage, and T lymphocyte chemotaxis in human diseases (3) (4) (5) (6) (7) (8) (9) (10) . As an aminopeptidase, LTA4H degrades the N-terminus of peptides. The aminopeptidase activity of LTA4H is generally assumed to be involved in the processing of peptides related to inflammation and host defense (11) and may be involved in human cancer (12) (13) (14) . We have discovered that resveratrol (3,5,4'-trihydroxy-transstilbene) and [6] -gingerol directly bind to LTA4H and inhibit its enzyme activity, resulting in suppression of cancer development in vitro and in vivo (15, 16) . However, the molecular mechanism as to how LTA4H mediates cancer development remains elusive.
Cyclin-dependent kinase inhibitor 1B (CDKN1B, p27 Kip1 ) is encoded by the CDKN1B gene (17) and was originally identified as a protein preventing the activation of the CDK2/cyclin E or CDK4/cyclin D complex, and thus controls the transition from the G1 phase into the S phase of the cell cycle (18) (19) (20) (21) . Inactivation of p27 is generally accomplished post-transcriptionally by the oncogenic activation of various pathways, including receptor tyrosine kinases (RTKs), phosphatidylinositol 3-kinase (PI3-K), Src or Ras-mitogen activated protein kinases (MAPKs). These pathways accelerate the proteolysis of the p27 protein and allow cancer cells to undergo rapid division and uncontrolled proliferation. The absence or reduction of p27 protein expression is also reported to be associated with a poor prognosis in several human cancers (22) (23) (24) (25) (26) . Therefore, p27 is considered to be a tumor suppressor.
In the present study, we discovered that LTA4H is a key modulator of cell cycle through its negative effect on p27 expression. We found that LTA4H is overexpressed in human skin cancer tissues and knockout of LTA4H reduced skin cancer development in an in vivo mouse skin cancer model. Moreover, our findings showed that depleting LTA4H protein expression enhanced p27 protein stability by suppressing phosphorylation of CDK2 at Thr160 and inhibiting the formation of the CDK2/cyclin E complex, resulting in down-regulation of p27 ubiquitination. These findings reveal a novel mechanism of LTA4H-mediated cell cycle regulation through p27 ubiquitination and regulation of skin carcinogenesis.
Materials and methods
Cell culture, plasmids, antibodies and reagents A431, SCC-12, SCC-13 and HaCaT cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)/10% fetal bovine serum (FBS) with antibiotics. JB6 P+ cells were cultured in Eagle's Minimum Essential Medium (MEM)/5% FBS with antibiotics. HEK 293T cells were cultured in DMEM/10% FBS. All cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA) and cytogenetically tested and authenticated before the cells were frozen. Each vial of frozen cells was thawed and maintained for a maximum of 8 weeks. The Xpress-LTA4H, HA-Ubiquitin (HA-Ub), pcDNA3, and pcDNA4A plasmids were purchased from Addgene (Cambridge, MA). Anti-LTA4H for Western blotting and anti-BLT1 were obtained from Cayman Chemicals (Ann Arbor, MI). Anti-LTA4H for immunohistochemistry, anti-p27, anti-p-p27 (Thr187), anti-Ub-HRP, anti-CDK2, and anti-cyclin E), anti-HA-tag (C29F4), anti-SKP2, and anti-pCDK2 (T160) were obtained from Cell Signaling (Danvers, MA). Anti-Xpress was from Life Technologies (Carlsbad, CA). Anti-HA-HRP (16B12) was purchased from Roche (Basel, Switzerland).
RNA interference
The lentiviral expression vectors (PLKO.1-shLTA4H and PLKO.1-shBLT1) and packaging vectors (pMD2.0G and psPAX) were purchased from OpenBioSystems (Huntsville, AL). The sequences were as follows: LTA4H shRNA#1: CGGCCCTTA TTCAAGGATCTT; LTA4H shRNA#2: GCCTCCCATAAAGCCCAATTA; LTA4H shR NA#3: CCCTGCTACCTGATTGCTTTA; LTA4H shRNA#4: CCTTCTGTGAAATTAA CCTAT; LTA4H shRNA#5: CGCAATTCCTTTGGCGCTAAA; BLT1 shRNA#1: CGCA CTTTCCTCCTGGCAGAA; BLT1 shRNA#2: TCTCAAGTTAAACGAACTGAA; BL T1 shRNA#3: CGCACAGTAGTGCCCTGGAAA; BLT1 shRNA#4: GCGCTCTGTCACT GCCCTGAT; and BLT1 shRNA#5: GTTCATCTCTCTGCTGGCTAT. Lentivirus shRNAs were constructed using the protocol shown on the OpenBioSystems website.
Western blotting
Cells were harvested and disrupted with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate and 0.1% SDS). Whole cell lysates were subjected to SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking with 5% milk, the membrane was incubated with a specific primary antibody, and then protein bands were visualized using the ECL system after hybridization with a horseradish peroxidase-conjugated secondary antibody.
Immunohistochemistry
Human skin cancer tissues were kindly provided from Dr. G. Tim Bowden (University of Arizona Cancer Center, Tucson, AZ). The skin tissue array was purchased from US Biomax, Inc (Rockville, MD). All skin tissues were de-paraffinized in xylene and rehydrated in serial concentrations of alcohol. After boiling in 10 mM sodium citrate buffer (pH 6.0) for 12 min, the tissues were incubated with 5% H 2 O 2 for 10 min and then blocked with 50% normal goat serum for 1 h followed by incubation with anti-LTA4H (1:100) at 4°C overnight. After incubation with a secondary antibody for 1 h, LTA4H expression was visualized with 3,3'-diaminobenzidine. Images were captured under a microscope and analyzed using the Image-Pro Premier software (v.9.0) program (Media Cybernetics, Rockville, MD).
Anchorage-independent cell growth assay
Cells were suspended in basal medium eagle (BME) containing 10% FBS and 0.33% agar and plated on solidified BME containing 10% FBS and 0.5% agar. After incubation for 5-14 days, the colonies were counted using the Image-Pro Plus Software (v.4) program (Media Cybernetics, Rockville, MD).
Animals
LTA4H knockout mice were obtained from Jackson Laboratory (Bar Harbor, ME) and 129SvEv mice, the wild-type control, were purchased from Taconic (Hudson, NY). Animals were acclimated for 1 week before the study and had free access to food and water. The animal study was conducted according to the guidelines approved by the University of Minnesota Institutional Animal Care and Use Committee (IACUC). The animals were housed in climate-controlled quarters with a 12-hour light/dark cycle.
Skin carcinogenesis was induced by a two-stage skin carcinogenesis procedure using 7,12-dimethylbenz[a]anthracene (DMBA) and 2-O-tetradecanoylphorbol-13-acetate (TPA). The backs of the animals were shaved at least once a week over the entire experimental period. All animals initially received topical applications of 200 nmol of DMBA in 150 µl of acetone. After 1 week, animals were treated with or without 4 nmol TPA in 200 µl of acetone twice weekly. Mice were weighed and tumors were measured with caliper once a week until week 22 or tumors reached 1 cm 3 total volume, at which time mice were euthanized.
Cell proliferation assay
Cells were seeded in 96-well plates and then proliferation was determined using the CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI) according to the manufacturer's instructions.
Cell cycle analysis
Cells seeded were harvested, and fixed with ice-cold 70% ethanol at −20°C overnight. Cells were then washed twice with PBS followed by incubation with 200 µg/ml RNase A and 20 µg/ml propidium iodide in PBS at room temperature for 30 min in the dark. The samples were subjected to flow cytometry using the FACS Calibur flow cytometer and data were analyzed using ModFit LT (Verity Software House, Inc., Topsham, ME).
Quantitative PCR analysis
Cells were harvested and total RNA was purified with Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The cDNA was then synthesized using the Superscript III Reverse transcription kit (Invitrogen). The PCR reaction was performed using SYBR® Select Master Mix (Applied Biosystems, Foster City, CA) with the following primers: p27, sense 5′-AGCTGTCTCTGAAAGGGACATT-3′; antisense 5′-TTTGACTTGCATGAAGAGAAGC-3′; GAPDH, sense 5′-AGCCACATCGCT CAGACAC-3′; antisense 5′-TGGGATTTCCATTGATGACA-3′.
Ex vivo p27 ubiquitination assay
Cells were transfected with HA-Ub for 48 h and then incubated with 10 µM MG132 for 12 h. Whole cell lysates were pre-cleared with protein A/G agarose beads in NP-40 lysis buffer for 30 min at 4°C and then co-immunoprecipitated with 2 µg anti-p27 at 4°C overnight. After incubation with protein A/G agarose beads for 2 h at 4°C, the immunocomplexes were analyzed by Western blotting.
Co-immunoprecipitation assay
Whole cell lysates were pre-cleared with protein A/G agarose beads in NP-40 lysis buffer for 30 min at 4°C and then incubated with 2 µg antibody at 4°C overnight. After incubation with protein A/G agarose beads for 2 h at 4°C, the immunocomplexes were analyzed by Western blotting.
LTB4 production
Cells were seeded in 6-well plates and LTB4 production in the medium was quantified using the Leukotriene B4 EIA kit (Cayman Chemical) following the supplier's instructions.
Statistical analysis
All quantitative data are expressed as means ± S.D. GraphPad PRISM software was used to evaluate statistical significance. One-way ANOVA was used in Figures 1D and 2E . Two-tailed unpaired t-tests were used for statistical analysis in other figures. A probability of P < 0.05 was used as the criterion for statistical significance.
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Results
LTA4H is overexpressed in human cancers
LTA4H is reportedly overexpressed in several cancers, including colorectal, lung and esophageal (12) (13) (14) . To determine the cancer tissue type on which to focus in this study, the protein levels of LTA4H were determined in several cancer cell lines. Interestingly, overexpression of LTA4H was observed in human skin squamous cell carcinoma (SCC), but not in normal skin cells or malignant melanoma cells ( Figure 1A ). We also observed overexpression of LTA4H in lung and colon cancer cell lines ( Figure 1B and C) . The expression levels of LTA4H were also examined in human skin cancer tissues, and our results indicated that LTA4H protein expression is significantly higher in actinic keratosis (AK) and SCC compared to normal human skin tissues ( Figure 1D ). Interestingly, the tissue array revealed that overexpression of LTA4H was not observed in human basal cell carcinoma (Supplementary Figure 1a) . These results indicated that LTA4H might be a critical molecule in human skin carcinogenesis, but especially in SCC.
LTA4H mediates cell transformation
To investigate the role of LTA4H in skin carcinogenesis, we first depleted LTA4H expression in mouse skin epidermal JB6 P+ and HaCaT cells (human skin keratinocytes) by using a lentiviral vector-based system with LTA4H specific short hairpin RNA (shRNA). We then examined epidermal growth factor (EGF)-or 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced cell transformation. Depletion of LTA4H dramatically suppressed neoplastic transformation of both JB6 P+ and HaCaT cells ( Figures  2A and B) . Consistently, JB6 P+ and HaCaT cells overexpressing LTA4H exhibited enhanced neoplastic transformation ( Figures   2C and D) . The function of LTA4H in cancer development in vivo was also examined using the 7,12-dimethylbenz[a]anthracene (DMBA)/TPA-induced 2 stage skin carcinogenesis mouse model ( Figure 2E ). Both the number and volume of tumors were significantly less in LTA4H knockout mice compared with wildtype mice. We also examined the status of inflammation in the skin of these mice by measuring inflammatory cell infiltration and vascular dilatation (Supplementary Figure 1b) . The results indicated that both wild-type and LTA4H knockout mice with no TPA treatment showed no signs of obvious inflammation. On the other hand, wild-type, but not LTA4H knockout mice, treated with TPA showed inflammatory cell infiltration and vascular dilatation in the dermis, which are indicated by black arrow heads (inflammatory cells) and white arrow heads (vascular dilatation; Supplementary Figure 1b) . These results indicated that LTA4H is critical in skin cancer development.
LTA4H mediates cancer cell growth
To determine the impact of LTA4H on cancer cell growth, LTA4H protein expression was depleted in three types of human SCC cell lines (A431, SCC12 and SCC13) using an LTA4H shRNA lentiviral vector. A431 cells were established from human skin epidermoid carcinomas and SCC12 and SCC13 cells are human facial skin squamous cell carcinoma cell lines. Depletion of LTA4H significantly suppressed growth of A431 human SCC ( Supplementary Figure 2a) , SCC12 (Supplementary Figure 2b) and SCC13 cell lines (Supplementary Figure 2c) . These results suggest that LTA4H mediates skin cancer development by influencing cell growth.
LTA4H mediates the G0/G1 cell cycle phase through p27 proteasome degradation
Because our results showed that LTA4H is implicated in cell growth, cell cycle distribution was determined in LTA4H-depleted cells. Knockdown of LTA4H strongly induced G0/G1 phase arrest in A431 cells ( Figure 3A ) as well as in JB6 P+ cells (Supplementary Figure 3a) . Protein levels of cyclins, cyclin-dependent kinases (CDKs) and CDK inhibitors were determined in LTA4H-depleted cells. Among the 11 proteins examined, p27 expression was obviously increased by knocking down LTA4H (Supplementary Figure 3b) . Enhanced expression of p27 by depletion of LTA4H was also observed in SCC12 and SCC13 cells ( Figure 3B ). On the other hand, p27 mRNA levels were not affected by depletion of LTA4H expression ( Figure 3C ), indicating that LTA4H-mediated p27 expression does not involve transcription. We then examined p27 protein stability in LTA4H-depleted cells and found that the p27 protein was significantly stabilized in LTA4H-depleted cells compared with sh-control cells ( Figure 3D ). Additionally, induction of p27 protein expression by LTA4H depletion was not observed in cells treated with the proteasome inhibitor MG132 ( Figure 3E ). These results indicate that LTA4H mediates p27 expression through the proteasomal degradation pathway. 
LTA4H mediates p27 stability through LTB4/BLT1 pathway
The leukotriene B4 receptor 1 (BLT1, LTB4R) is a G proteincoupled seven-transmembrane receptor that has high affinity towards leukotriene B4 (LTB4). LTB4 is an enzyme product of LTA4H and is known to increase mRNA and protein expression of BLT1 (27) . We therefore questioned whether the LTB4/ BLT1 pathway is implicated in LTA4H mediation of p27 expression. Our results showed that knockdown of BLT1 dramatically decreased anchorage-independent growth of A431 cells ( Figure 4A ). Suppression of anchorage-dependent cell growth by depletion of BLT1 was also observed in A431 cells ( Figure 4B ) as well as in SCC12 and SCC13 cells (Supplementary Figure 4a) . Knockdown of BLT1 also caused G1 arrest ( Figure 4C ) and EGF-or TPA-induced cell transformation was reduced by BLT1 depletion in JB6 P+ and HaCaT cells (Supplementary Figures  4b, c) . Knocking down BLT1 dramatically increased p27 expression ( Figure 4D ), but no significant change in p27 mRNA levels was observed ( Figure 4E ). Results also showed that depletion of BLT1 increased p27 protein stability ( Figure 4F ), but enhancement of p27 expression by BLT1 knock down was not observed in cells treated with MG132 ( Figure 4G ). We also measured LTB4 production in LTA4H-depleted cells, and found that knocking down LTA4H significantly reduced LTB4 production (Supplementary Figure 5a) . Moreover, the induction of p27 protein expression by LTA4H depletion was not completely blocked but markedly reduced by LTB4 treatment (Supplementary Figure 5b) . These results strongly suggest that LTA4H mediation of p27 expression occurs through the LTB4/ BLT1 pathway. 
LTA4H and BLT1 mediate phosphorylation of p27 at Thr187 and affects p27 ubiquitination
Our results indicate that LTA4H and BLT1 mediate p27 stability through the proteasome degradation pathway. Protein levels of p27 are mainly regulated through degradation by ubiquitindependent proteolysis (28) . We therefore conducted an ex vivo ubiquitination assay ( Figures 5A and B) . The results showed that depletion of LTA4H decreased the ubiquitination of p27 and knocking down BLT1 had a similar effect. Consistently, overexpression of LTA4H dramatically enhanced p27 ubiquitination compared with cells expressing control shRNA ( Figure 5C ). The most well-known E3 ligase to ubiquitinate p27 is S-phase kinase-associated protein 2 (Skp2) (29, 30) . However, no significant changes were observed in Skp2 protein levels in LTA4H-or BLT1-depleted cells ( Figure 5D ). Interestingly, phosphorylation of Thr187 was obviously down-regulated by LTA4H or BLT1 depletion, whereas no difference was observed in Thr198 phosphorylation ( Figure 5D ). These results clearly indicate that LTA4H and BLT1 mediate p27 ubiquitination through phosphorylation of p27 at Thr187. 
LTA4H and BLT1 influence the formation of the CDK2/cyclin E complex and the phosphorylation of CDK2 at Thr160
Phosphorylation of p27 at Thr187 by the CDK2/cyclin E complex is a prerequisite for p27 ubiquitination and degradation (31) , and phosphorylation of CDK2 at Thr160 is required for its kinase activity (32) . We therefore determined whether the CDK2/cyclin E complex or phosphorylation levels of CDK2 are influenced by LTA4H or BLT1. Our results showed that depletion of LTA4H or BLT1 dramatically decreased the interaction between CDK2 and cyclin E ( Figure 6A and B) . The phosphorylation levels of CDK2 (Thr160) were dramatically decreased in cells expressing shLTA4H or shBLT1 ( Figure 6C ), indicating that depletion of LTA4H or BLT1 results in inhibition of CDK2 activity. Overall, our study demonstrates that LTA4H regulates phosphorylation of CDK2 at Thr160 and the formation of the CDK2/ cyclin E complex, which in turn induces p27 ubiquitination consequently influencing the G0/G1 cell cycle phase ( Figure 6D ). These findings show for the first time that LTA4H is a key mediator of cell cycle and provides a mechanism explaining the role of LTA4H in cancer development.
Discussion
Our previous studies showed that inhibition of LTA4H enzyme activity by the natural compounds, resveratrol or [6] -gingerol, led to reduced cancer incidence and suppressed cancer growth (15, 16) . However, the fundamental role of LTA4H in carcinogenesis and the molecular mechanisms of LTA4H-mediated cancer development are not fully understood. In the present study, we provided evidence showing that LTA4H is critical for skin carcinogenesis and is a key mediator of cell cycle progression by its negative regulation of p27 stability.
Because LTA4H is a bifunctional enzyme with aminopeptidase and epoxide hydrolase activities, we questioned the identity of the enzyme activity that is implicated in LTA4H-mediated p27 ubiquitination. As an aminopeptidase, LTA4H degrades the N-terminus of peptides but no physiological substrate has been identified (33, 34) . In 2010, Snelgrove et al. (35) identified the neutrophil chemoattractant, Pro-Gly-Pro (PGP), as a physiological substrate of LTA4H. PGP is a biomarker for chronic obstructive pulmonary disease (COPD), and is implicated in neutrophil persistence in the lung. However, no critical report has shown a relationship between LTA4H and cancer. In contrast, several reports have shown that the hydrolase function of LTA4H is implicated in cancer development (36) (37) (38) (39) . The hydrolase function of LTA4H specifically catalyzes the rate-limiting step in the conversion of LTA4 to LTB4, which is known as one of the most potent chemoattractants and activators of neutrophils. BLT1 is a G protein-coupled seven-transmembrane receptor that has a high affinity towards LTB4 and is also known to increase the mRNA and protein expression of BLT1 (27) . Our results showed that BLT1 depletion had similar effects on p27 regulation as did the depletion of LTA4H (Figures 4-6 ). We thus concluded that LTA4H mediates p27 expression.
In this study, we discovered that LTA4H and BLT1 mediate p27 ubiquitination by regulating CDK2 activity and formation of the CDK2/cyclin E complex. CDK2 is a serine/threonine protein kinase and its activation is essential for the initiation of DNA synthesis and cell cycle progression at the G1/S phase (40) (41) (42) . Our results indicated that depletion of LTA4H or BLT1 decreased CDK2 phosphorylation at Thr160 ( Figure 6C ). Phosphorylation of CDK2 at Thr160 is essential to regulate CDK2 kinase activity (32) , and is mediated by CDK-activating kinase (CAK), a complex of CDK7 and cyclin H (30) . Moreover, CDK2 is localized in the cytoplasm of quiescent mammalian cells and then is translocated to the nucleus after forming a complex with cyclin E to become activated by CAK and Cdc25 (43) . Further experiments such as determination of CAK expression and localization of the CDK2/ cyclin E complex might be required to understand the detailed mechanisms of LTA4H/BLT1-mediated p27 regulation.
In conclusion, our results indicated that depletion of LTA4H induces cell cycle arrest at the G0/G1 phase, and knockout of LTA4H significantly reduced skin cancer development in an in vivo skin cancer mouse model. Moreover, we discovered that depleting LTA4H enhanced p27 protein stability by suppressing phosphorylation of CDK2 at Thr160 and inhibiting the formation of the CDK2/cyclin E complex, resulting in downregulation of p27 ubiquitination. These findings reveal a new mechanism for the role of LTA4H in cancer development. Collectively, these findings support the idea that inhibiting LTA4H epoxide hydrolase activity is a promising strategy for skin cancer prevention.
Supplementary Material
Supplementary data are available at Carcinogenesis online.
Funding
This work was supported by The Hormel Foundation, AgStar, and National Institutes of Health grants CA196639, CA187027, CA166011 and CA027502.
